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Abstract 
In this paper, the effect of gas tungsten arc welding (GTAW) parameters on the pitting corrosion on AISI 202 chromium 
manganese stainless steel was investigated. An empirical mathematical equation correlating pitting resistance equivalent number 
(PREN) with the welding parameters such as welding current, welding speed, welding gun angle and gas flow rate was 
developed. Central composite response surface methodology with four parameter and five levels was employed for conducting 
the experiments.  The adequacy of the developed model was checked using ANOVA. The main effects of the process parameters 
on PREN of the welded joints were studied using surface and contour plots. The quality of the weld joint is also highly 
influenced by the microstructure of the weldment. The quality of the weldment gets deteriorated due to metallurgical changes 
such as micro-segregation, precipitation of secondary phases, presence of porosities, grain growth in the heat affected zone and 
loss of material by vaporization. This paper also investigates the influence of welding gun angle on the microstructure 
examination of the weldment. The microstructure study concentrated on the grain structure, presence of carbides and formation 
of ferrite, austenite and martensite in the weldment. The results obtained from the present investigation helps in quickly selecting 
the required process parameters to achieve the desired PREN and weld quality. 
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1. Introduction 
In Gas Tungsten Arc Welding (GTAW) process, the interfuse of metals was produced by heating them 
with an arc using a non consumable electrode. It is widely used welding process finds applications in welding hard 
to weld metals such as aluminium, stainless steel, magnesium and titanium [1]. The increased use of automated 
welding urges the welding procedures and selection of welding parameters must be more specific for good weld 
quality and precision with minimum cost [2]. The bead geometry plays an important role in determining the 
microstructure of the welded specimen and the mechanical properties of the weld [3].The proper selection of the 
input welding parameters which influence the properties of welded specimen ensure a high quality joint.  Stainless 
steels are corrosive resistance in nature finds diversified application. Even stainless posses good resistance, they are 
yet susceptible to pitting corrosion. The pitting corrosion is a localized dissolution of an oxide-covered metal in 
specific aggressive environments. It is most common and cataclysmic causes of failure of metallic structures. The 
detection and monitoring of pitting corrosion is an important task in determining the weld quality. The pitting 
corrosion is a random, sporadic and stochastic process and their prediction of the time and location of occurrence 
remains extremely difficult and undefined [4]. Stainless steels may also suffer from different forms of metallurgical 
changes when exposed to critical temperatures. In welding, the heat affected zone often experiences temperatures 
which cause sufficient microstructural changes in the welded plates. The precipitation of chromium nitrides, 
carbides and carbonitrides in the parent metal occur under various welding and environmental conditions and also 
depends on the grades of stainless steel. During GTAW process, the formations of coarse grains and inter granular 
chromium rich carbides along the grain boundaries in the heat affected zone deteriorates the mechanical properties. 
Kondapalli Sivaprasad et al. [5] studied the influence of welding parameters on pitting corrosion rate of AISI 304L 
welded sheets using pulsed current micro plasma arc welding process. They developed an empirical relation 
correlating various process parameters for pitting corrosion rate. They conducted experiments using five factor and 
five level central composite rotatable design matrix. They have studied the effects of process parameters using 
surface and contour plots. Siva and Murugan [6] studied the effects of plasma transferred arc welding parameters on 
the pitting corrosion resistance of Colmonoy 5 overlays deposited on austenitic stainless steel plates. They used 
Potentiodynamic polarization technique for conducting the corrosion tests. A mathematical model was developed 
using multiple regression technique and the effects were studied.  
Subodh and Shahi [7] studied the influence of heat input on the microstructure of GTA welded AISI304 
grade stainless steel joints. They used three heat input combinations for their study. They designated the heat 
combinations as low heat (2.56 kJ/mm), medium heat (2.784 kJ/mm) and high heat (3.017 kJ/mm). From their 
study, they have found that significant grain coarsening was inferred in the heat affected zone for all the joints. They 
have also found that the coverage of grain coarsening in the HAZ increased with the increase in heat input and 
average dendrite length and interdendritic spacing in the weld zone also increases with the increase in heat input. 
Huaibei et al [8] investigated the microstructure analysis of low carbon 12% chromium stainless steel at high 
temperature in the heat affected zone. The main problems attained during welding with low carbon 12% Cr stainless 
steel was coarsening and embrittlement. In their study, they did microstructures microstructural investigations in the 
heat affected zone under high temperature with different chemical constituents and heat inputs using thermal 
simulation tests. From their study they have inferred that the heat input influences the microstructure of steel in high 
temperature heat affected zone and the grain size grows up with the increase in heat input.      
There were many works carried out to study the pitting corrosion resistance and the microstructure of 
various grades of stainless steel using different welding processes. The study reveals the work pertain to 200 series 
stainless steel was limited, especially 202 grade using GTAW. AISI 202 chromium manganese stainless steel 
contains nitrogen; exhibits effective strengthening addition was harder and stronger than 300 series. It posses one 
third more yield strength than AISI 304 stainless steel, hence it is used as an alternate for AISI 304 in manufacturing 
of propeller shafts for motor boats, medical instruments, kitchen equipment and food processing equipment [9]. The 
rise in popularity of these grades is linked to world Nickel price volatility and advances in steel production 
technology. In countries like India which has no indigenous supply of Nickel, there is a potential for growth of these 
grades. But before considering these grades for any application detailed investigation has to be carried out regarding 
its suitability, since there are certain instances where 200 series grades have failed due to pitting corrosion and other 
problems. Therefore, it becomes imperative to study the effect of welding process parameters on the pitting 
corrosion and microstructure of these grades before considering it for any application. Hence in the present work 
AISI 202 grade chromium manganese stainless steel is chosen with the following chemical composition. 
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Table 1 Chemical Composition of AISI 202  
%C %Mn %Si %Cr %Ni %P %S %N %Fe 
0.15 9.25 0.49 17.1 4.1 0.06 0.03 0.25 70.01 
 
In this work, a pitting resistance equivalent number (PREN) in the weld bead was estimated form the alloying 
elements such as chromium, molybdenum and nitrogen. From the estimated values of PREN a statistical model was 
developed to predict PERN in terms of welding parameters. The study on the PREN revealed that the heat input has 
major effect on pitting corrosion. A detailed microscopic study has been made to study the effect of welding gun 
angle on the fusion zone, heat affected zone and base metal. The study on the structure of the specimen’s revealed 
the influence of process parameters on grain structure, grain coarsening in the heat affected zone and weld metal. It 
also gave an idea about formation of martensite and ferrite veins in the weld metal.  
2. Experimental procedure 
The experimental design was based on central composite rotatable design matrix consisting of four factors 
and five levels each with full replication [10]. The experiments were conducted on randomized manner as per the 
design matrix using electric digital welding machine (Lincoln V 350 PRO). The uniform welding was maintained 
using a servo motor driven manipulator. The experimental set up consists of a traveling carriage with a table for 
fixing the work specimens. The power source was set at right. The welding gun was fabricated with an attachment 
for setting the welding gun angle and the required nozzle to plate distance. It was held stationary in a frame above 
the table. The nozzle to plate distance was set constant at 2.5 mm for all the experiments. To generate arc at this 
distance an high frequency attachment was used in the frame. The specimens AISI 202 plates were cut to size (100 
mm X 30 mm) and 5 mm of thickness and the surface to be welded was cleaned to remove oxide scale and dirt. The 
flow rates of argon gas ranges between 5 – 25 liters/min was used for shielding purpose to protect the weld area 
from atmospheric gases. The experimental setup used for conducting the experiments is shown in Fig. 1 and the 
welded specimens are shown in Fig 2. 
 
                 
              Fig. 1. experimental setup                                                                                                Fig. 2. welded specimens 
3. Research methodology 
The welding parameters that can be independently controlled were identified based on their influence on 
PREN and the microstructure. The parameters considered for experimentation are welding gun angle (θ), welding 
speed (V), welding current (I) and shielding gas flow rate (Q). The working ranges of all these selected parameters 
were set by conducting trial runs. The range of parameters for θ, V, I, and Q identified through trail experiments are 
given in Table 2. The upper limit of the parameter is coded as 2; lower limit, as −2; and the coded values for 
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   (1) 
Where Xi is the required coded value of a variable X. X is any value of the variable from Xmin to Xmax. The 
process parameters and their levels with its limits and notations are given in Table 2. The process parameter at the 
intermediate (0) level constitute the centre points, while lower value (-2), higher value (+2) and intermediates (-1 
and +1) with the other two parameters at the intermediate level constitute the star points [12].  







4. Recording the response 
PREN is a theoretical way of estimating the pitting corrosion resistance of stainless steel based on the 




By conducting wet analysis on the welded specimen the accurate chemical composition of all the welded specimens 
were determined. The IS 228 test method was employed to determine the chemical composition. PREN was 
estimated from the chemical constituents using the equation 2. The PERN evaluated for each welded specimens 
along with its constituents is given in the table 3 
4. Experimental design 
The experimental design chosen was central composite rotatable design for fitting a second-order quadratic 
equation based on the criterion of rotatability. The design plan chosen consists of 31 experiments. It is four 
parameters and five levels central composite rotatable design comprising of 31 sets of coded conditions. The design 
matrix for the experiment comprises of full replication of 16 factorial design, 8 star points and 7 centre points. These 
corresponds to first 16 rows, rows from 17 to 24 and the last seven rows respectively, in the design matrix shown in 
Table 3  Thus through these 31 experimental runs, the linear, quadratic and two way interactive effects of the 
process parameters on the PERN can be estimated. Experiments were conducted at conducted at randomized manner 
to minimize the errors creeping into the experimental procedure. The design matrix and measured value of PREN is 










-2 -1 0 1 2 
Gun Angle ( θ) Deg 50 60 70 80 90 
Welding Speed (V) mm/min 80 90 100 110 120 
Welding Current (I) Amperage 70 80 90 100 110 
Shielding Gas flow rate (Q) liters/min 5 10 15 20 25 
16(%N)3.3(%Mo)%CrPREN  
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Table 3 Experimental Design and PREN evaluation of Welded Specimens 
Trial 
No 
θ V I Q Cr Mo N PREN 
01 -1 -1 -1 1 17.5 0.2 0.25 22.16 
02 1 -1 -1 -1 18 0.15 0.23 22.775 
03 -1 1 -1 -1 17.8 0.19 0.2 20.855 
04 1 1 -1 1 18.1 0.17 0.2 21.731 
05 -1 -1 1 -1 18.2 0.22 0.24 21.706 
06 1 -1 1 1 18.5 0.18 0.22 22.325 
07 -1 1 1 1 18.6 0.14 0.24 23.693 
08 1 1 1 -1 18.3 0.17 0.2 22.061 
09 -1 -1 -1 -1 17.9 0.2 0.24 22.425 
10 1 -1 -1 1 18.3 0.17 0.22 22.381 
11 -1 1 -1 1 17.7 0.18 0.25 22.594 
12 1 1 -1 -1 17.9 0.2 0.24 22.4 
13 -1 -1 1 1 18.3 0.16 0.23 22.708 
14 1 -1 1 -1 18.1 0.22 0.21 22.186 
15 -1 1 1 -1 17.8 0.23 0.24 22.399 
16 1 1 1 1 17.6 0.17 0.22 21.681 
17 -2 0 0 0 17.9 0.21 0.24 22.433 
18 2 0 0 0 17.8 0.23 0.24 22.045 
19 0 -2 0 0 18.1 0.22 0.24 22.724 
20 0 2 0 0 17.8 0.19 0.23 22.107 
21 0 0 -2 0 18.1 0.17 0.21 22.021 
22 0 0 2 0 17.7 0.2 0.24 22.2 
23 0 0 0 0 17.8 0.18 0.23 22.074 
24 0 0 0 0 18.3 0.16 0.23 22.508 
25 0 0 0 -2 18.2 0.17 0.2 21.961 
26 0 0 0 2 18.1 0.17 0.21 22.721 
27 0 0 0 0 18.3 0.17 0.2 22.161 
28 0 0 0 0 18.2 0.22 0.24 22.566 
29 0 0 0 0 18.1 0.22 0.21 22.186 
30 0 0 0 0 17.8 0.23 0.24 22.485 
31 0 0 0 0 17.6 0.23 0.24 22.129 
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5. Development of mathematical model 
The general equation of a quadratic polynomial, which relates the response variable ‘y’ and the process 






where b0=constant, bi=linear term coefficient, bii=quadratic term coefficient, and bij=interaction term coefficient 
 
 
The coefficients of the quadratic equation were calculated using statistical software MINITAB R14 [13]. The 
statistical mathematical model was developed after eliminating the coefficients with least significant. This was done 
by conducting student’s t test. According to this test when the calculated value of ‘t’ corresponding to the 
coefficients exceeds the standard tabulated value for the probability criterion kept at 0.75, the coefficient becomes 






The adequacy of the model was tested using the analysis of variance technique (ANOVA). The calculated 
F – ratio [15] of the model developed does not exceed the standard value for a desired level of confidence, i.e., 95% 
and the calculated value of R – ratio of the model developed is above the standard tabulated value for the same 
confidence level. Hence the model is considered to be adequate. The results of ANOVA are presented in Table 4. It 
is evident from the table that the model is adequate.  
 
Table 4 adequacy of the model 
Parameter 
First order term Second order term Lack of fit Error term 
F ratio R ratio 
























SS - Sum of Squares, DOF- Degree of Freedom 
Mean Sum of Squares = Sum of Square Terms/DOF 
F ratio = Ms of Lack of Fit/ Ms of Error Terms 
R ratio = Ms of First Order Term & Second Order Term/ MS of Error Term 
Percentage Points of the F Distribution for PREN 
F ratio (14, 7, 0.05) = 2.76 
R ratio (10, 7, 0.05) = 3.14 
 
6. Results and discussion 
A mathematical model was developed to predict PREN by relating it with welding parameters such as 
welding current, welding speed, welding gun angle and gas flow rate. The direct effect of these welding parameters 
on the PREN was studied using the developed empirical model. The direct effects of these process parameters on 
PREN were calculated and plotted are shown in Figs. 3, 4, 5, 6, 7 and the cause and effect were analyzed. The trends 
of the potted graph of the direct effect of these process parameters helps to determine which parameter are 
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Fig. 3. effect of welding gun angle on PREN                                             Fig. 4. effect of welding current on PREN 
 
 
Fig. 5. effect of welding speed on PREN                                            Fig. 6. effect of shielding gas flow rate on PREN 
 
Figure 3 depicts the direct effect of welding gun angle on PREN. From the figure it is observed that the 
value of pitting resistance equivalent number decreases as the welding gun angle increases. This is due to the reason,  
at lower gun angles the exposure of the weld metal to the arc is less which decreases the heat input and increases the 
cooling rate. This results in decreasing the critical pitting temperature. The decrease in critical pitting temperature 
results in increase in pitting resistance equivalent number. At higher gun angles, cause the heat input to increase 
which decreases the cooling rate and increases the critical pitting temperature. The increase in pitting temperature 
decreases the pitting resistance equivalent number. 
 
Figure 4 depicts the direct effect of welding current on PREN. From the figure it is observed that the value 
of pitting resistance equivalent number decreases as the current increases. This is due the fact that welding current is 
directly proportional to the heat input. At lower current, heat input is low which increases the cooling rate. This 
results in decreasing the critical pitting temperature. The decrease in critical pitting temperature results in increase in 
pitting resistance equivalent number. At higher currents, there is an increase in heat input which decreases the 
cooling rate and increases the critical pitting temperature. The increase in pitting temperature decreases the pitting 
resistance equivalent number. 
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Figure 5 depicts the direct effect of welding speed on PREN. From the figure it is observed that the value 
of pitting resistance equivalent number increases as the welding speed increases. This is due to the reason; welding 
speed is inversely proportional to the heat input. At lower speeds, heat input is high which decreases the cooling 
rate. This results in increasing the critical pitting temperature. The increase in critical pitting temperature results in 
lower pitting resistance equivalent number. At higher speeds, there is a decrease in heat input which increases the 
cooling rate and decreases the critical pitting temperature. The decrease in pitting temperature increases the pitting 
resistance equivalent number. 
 
Figure 6 depicts the direct effect of shielding gas flow rate on PREN. From the figure it is observed that the 
value of pitting resistance equivalent number increases as the gas flow rate increases. This is due to the reason; 
shielding gas always carries away some heat during welding. The amount of heat carried is lesser at lower levels and 
increases as the gas flow rate increases. Hence the heat input is high at lower levels of gas flow rate than at higher 
levels. Due to this effect there is a decrease in critical pitting temperature at higher levels of gas flow rate which 
increases PREN and increase in critical pitting temperature at lower levels of gas flow rate which decreases PREN. 
6.2 Study on the microstructure of the welded specimens 
The metallographic studies were carried out on the welded specimens obtained when the welding gun angle is 





Fig.7. microstructure of the base metal 
 
Figure 7 shows the micro graph of the base metal of AISI202 grade stainless steel plate. The AISI202 stainless steel 
base metal consists of equiaxed austenite grains. There are some small amounts of dispersed carbide particles at 
boundaries of austenite grains. Hence the base metal has fully austenitic structure with small amount of dispersed 
carbide particles at the grain boundaries. 
 
Figure 8 shows the microstructure of the specimens welded when the welding gun angle is at 50° and the other 
parameters such as welding current, welding speed and shielding gas flow rate are maintained at 90 amps, 190 
mm/min and 15 liters/min.  It can be observed from the microstructure of specimen that the base metal has equiaxed 
grains of austenite. The area of heat affected zone is relatively small. This is because exposure of weld metal to the 
arc is less at this gun angle. The weld metal has coarse grains and major portion of austenite is retained. The 
tempered martensite is distributed coarsely throughout the zone. There is also presence of ferrite in the 
microstructure of the weld metal. Figure 9 shows the microstructure of the specimen welded keeping welding gun 
angle at 90° and other parameters namely: welding current, welding speed and shielding gas flow rate at 90 amps, 
190 mm/min and 15 liters/min.   
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Fig.8. microstructure of the weld metal, HAZ and base metal            Fig. 9. microstructure of the weld metal, HAZ and base metal 
          of specimen with gun angle at lower level                                                    of specimen with gun angle at higher level 
             
From the microstructure, it can be observed that area of the heat affected zone is more compared to the specimen 
welded using 50° gun angle. This is because; exposure of the weld metal to the arc is more at 90° gun angle. It can 
also be observed from the microstructure of the weld metal that there is less coarsening in the weld metal compared 
to the previous specimen. The microstructure of the weld metal also reveals that major portion of austenite has been 
retained. There is a small presence of tempered martensite throughout the weld zone. There is also presence of 
ferrite in the austenite matrix. 
7. Conclusions 
The following conclusions were arrived at based on the present investigations. 
1. The welding current and welding gun angle has strong negative effect on pitting corrosion as PREN values 
decreases as the above parameters increases. 
2. The welding speed and shielding gas flow rate has strong positive effect on pitting corrosion as the PREN 
value increases as the above parameters increases. 
3. The base metal of AISI202 grade stainless steel has equiaxed grains of austenite with presence of small 
carbide particles at the grain boundaries 
4. When the welding gun angle is maintained at low level of 50°, the area of heat affected zone decreases due 
to less exposure of weld metal to the arc. In the weld metal zone coarse grains are observed and major 
portion of austenite is retained. The tempered martensite is distributed coarsely throughout this zone 
5. When the welding gun angle is maintained at high level of 90°, there is an increase in area of the heat 
affected zone due to more exposure of the weld metal to the arc. Less coarsening is observed in the weld 
metal. Major portion of austenite is retained along with a small amount of ferrite in the austenite matrix. 
There is a presence of tempered martensite throughout the zone 
6. It can be finally concluded that AISI202 grade stainless steel has sufficient pitting corrosion resistance and 
moderate grain growth in heat affected zone. In the weld metal zone it has major portion of austenite with 
small amount of ferrite and tempered martensite. The presence of martensite increases hardness of the weld 
metal. The presence of ferrite in austenite matrix shows that the weld metal has sufficient strength, 
toughness, phase stability and resistant to corrosion. 
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